Background. Functional imaging by thoracic electrical impedance tomography (EIT) is a non-invasive approach to continuously assess central stroke volume variation (SVV) for guiding fluid therapy. The early available data were from healthy lungs without injury-related changes in thoracic impedance as a potentially influencing factor. The aim of this study was to evaluate SVV measured by EIT (SVV EIT ) against SVV from pulse contour analysis (SVV PC ) in an experimental animal model of acute lung injury at different lung volumes. Methods. We conducted a randomized controlled trial in 30 anaesthetized domestic pigs. SVV EIT was calculated automatically analysing heart-lung interactions in a set of pixels representing the aorta. Each initial analysis was performed automatically and unsupervised using predefined frequency domain algorithms that had not previously been used in the study population. After baseline measurements in normal lung conditions, lung injury was induced either by repeated bronchoalveolar lavage (n¼15) or by intravenous administration of oleic acid (n¼15) and SVV EIT was remeasured. Results. The protocol was completed in 28 animals. A total of 123 pairs of SVV measurements were acquired. Correlation coefficients (r) between SVV EIT and SVV PC were 0.77 in healthy lungs, 0.84 after broncho-alveolar lavage, and 0.48 after lung injury from oleic acid. Conclusions. EIT provides automated calculation of a dynamic preload index of fluid responsiveness (SVV EIT ) that is noninvasively derived from a central haemodynamic signal. However, alterations in thoracic impedance induced by lung injury influence this method.
Clinical management of intravascular volume status is vital for surgical and intensive care patients. For guidance of fluid therapy, dynamic indices of fluid responsiveness such as left ventricular stroke volume variation (SVV) have been shown to be superior in comparison to static or volumetric variables. [1] [2] [3] [4] [5] SVV quantifies changes in stroke volume caused by differing intrathoracic pressures during controlled mechanical ventilation and thereby allows the assessment of a patient's individual preload requirement. In recent studies conducted in both operating theatres and intensive care units, patient outcome was improved whenever these dynamic indices were applied as part of a goal-directed fluid replacement strategy. [6] [7] [8] [9] Currently available monitors of SVV as a dynamic index of preload require the analysis of pulse contours derived from invasively obtained aortic, femoral or radial pressure signals. This invasiveness limits its routine use and fuels clinical interest in alternative means of non-invasive SVV measurements. [10] [11] [12] To date, less or noninvasive approaches to heart-lung interactions rely on peripheral pulse signals, thereby avoiding invasive catheterization. 13 14 However, the ability of peripheral measurements to reflect intrathoracic central stroke volume and pressure variations is limited by alterations in the peripheral arterial tone. This limitation is of key importance since the approximation of central haemodynamics by way of peripheral signals may not be reliable, especially in critically ill, haemodynamically unstable patients with vasoconstriction and changes in vascular compliance. We were interested, therefore, in developing a non-invasive method that measures central haemodynamics directly within the thoracic aorta. Electrical impedance tomography (EIT) is non-invasive and uses body surface electrodes and imperceptible electrical currents to create tomographic images of regional conductivity, which change with the cardiac and breathing cycles. By means of EIT we could identify the aorta, obtain pulsatile signals from aortic pixels, and then analyse them for heartlung interactions, the prerequisite for the calculation of SVV measured by EIT (SVV EIT ), the dynamic index for measuring fluid responsiveness. The proof of this concept has been previously shown by our group. 15 However, in this first approach, the algorithm to quantify SVV EIT was used in a small number of individuals without major pathology and has not been confirmed in an independent cohort. Further changes in tissue density of the lungs as induced by the application of positive endexpiratory pressure (PEEP) or the formation of oedema affect the overall thoracic impedance. It is further known that this also affects impedance contrasts between different thoracic tissues. 16 No data are available to show whether this will also affect the calculation of heart-lung interactions. Hence, the aim of this study was to assess the robustness of our EIT-based algorithm for non-invasive quantification of a dynamic index of fluid responsiveness (SVV EIT ) in an independent cohort. Furthermore, we investigated influences of potential interacting factors such as modifications of lung volume by PEEP or induction of pulmonary oedema by experimental lung injury.
Methods
The study was approved by the local governmental commission on the care and use of animals (Institutional Animal Care and Use Committee, Oregon Health and Science University, Portland, OR, USA). This project was part of a larger experimental protocol. A second part of the protocol was dedicated to an independent scientific question addressing the quantification of pulmonary oedema (data not included here).
Anaesthesia and instrumentation
Thirty domestic pigs (Landrace) in overt good health with a body weight of 35-40 kg were included. The animals received care in compliance with the Guide for the Care and Use of Laboratory Animals. 17 Experiments were carried out according to the ARRIVE guidelines 18 (see online-only Supplementary data).
Before the experiments, animals were randomized to experimental lung injury induced either by repeated broncho-alveolar lavage or by intravenous application of oleic acid. Animals were kept in the animal facilities of a university research laboratory in an enriched environment. The animals were fasted overnight and premedicated with intramuscular ketamine (10 mg kg À1 ), azaperone (4 mg kg À1 ), midazolam (0.5 mg kg
À1
), and atropine sulphate (1 mg). Intravenous access was established and anaesthesia was maintained by continuous infusion of fentanyl (0.05 mg kg À1 h À1 ) and propofol (10 mg kg À1 h
). Tracheotomy and placement of an endotracheal tube (8.5 mm) were then performed. The animals were monitored with a five-lead ECG and pulse oximetry. Volume controlled ventilation with oxygen 100% was delivered (Avea, Becton Dickinson, Franklin Lakes, NJ, USA) at a respiratory rate of 18 min
, a tidal volume of 8 ml kg
, an inspiration:expiration ratio of 1:1.6, with 10 cm H 2 O of PEEP. Saline 0.9% was infused at a rate of 13 ml kg À1 h À1 to maintain hydration. The adequacy of anaesthesia was checked and assured regularly. This included close attention to any potential signs of increased sympathetic activity (e.g. increase in heart rate or blood pressure) as well as any signs of spontaneous breathing efforts. Also, lid and corneal reflexes were examined and we ensured that no reaction to a pain stimulus at the pig's snout disk occurred. For catheter placement and surgical preparation, animals were positioned supine. An 8.5 Fr central venous catheter was introduced into the right internal jugular vein for drug and fluids administration and central venous pressure measurement. A 5 Fr thermistor-tipped catheter (PVPK2015L20, Pulsion Medical Systems, Feldkirchen, Germany) was placed into the femoral artery and connected to a haemodynamic monitor (PiCC0 2, Pulsion Medical Systems) for the transcardiopulmonary thermodilution measurements and arterial pulse contour analysis. Body temperature was measured via the arterial catheter and kept constant with the use of warming blankets and prewarmed infusions if required.
Editor's key points
• Thoracic electrical impedance tomography (EIT) may be a useful non-invasive method to assess stroke volume variation.
• Preliminary experimental data suggest EIT is reliable when lung function is normal, but the effects of acute lung injury and positive end-expiratory pressure are unknown.
• In this study, there was reasonable correlation between stroke volume variation assessed using EIT or pulse contour analysis in healthy porcine lungs.
• Variability was increased in two models of experimental acute lung injury and limits of agreement were wide.
• Further data are required before the technology can be used in clinical practice.
An EIT belt comprising 32 electrodes was placed around the thorax at the lower end of the scapula and 50 images s À1 were acquired using the Enlight impedance tomograph (Dixtal, Sao Paulo, Brazil). Meticulous attention was paid to correct placement and sufficient electrical contact of all electrodes. Finally, the animals were wrapped in a vacuum mattress to prevent EIT electrode movement and dislocation throughout the experimental course. Analysis of SVV EIT was based on the approach previously described by our group. 15 Briefly, it automatically detects the aorta as the region of interest (ROI) using the principle of pulse transit time. 18 The following approach was applied: initially, an overall transit time value was assigned to each pixel of the EIT image, calculated over the entire EIT image sequence (all animals and experimental conditions confounded). Second, EIT pixels were clustered into functional structures according to their overall transit time value. Then, the most likely area of the descending aorta was identified as those pixels in the dorsal thorax with the shortest transit time. Finally, for each experimental condition, signals originating from the descending aortic ROI were analysed by frequency domain techniques to quantify the ventilation-induced modulation of their cardiac impedance pulses. 15 19 By that, the novel variable SVV EIT was defined.
Requirements to enable signal processing to ensure signal quality were maintained as described previously. 20 Signal processing was executed by a single investigator who was blinded towards the animals' clinical and haemodynamic status and group allocation.
Measurements and experimental protocol
After completion of instrumentation and positioning of the EIT belt, the experimental protocol was started. For each measurement phase, EIT data were recorded for a period of 180 s for offline post hoc automated calculation of SVV EIT . Prior to each measurement, a triplicate injection of a cold bolus of 15 ml for transcardiopulmonary thermodilution was carried out for calibrating arterial pulse contour analysis for the estimation of pulse contour SVV (SVV PC ). First, baseline measurements were acquired in healthy lung conditions using the ventilator settings described above. Thereafter, PEEP was increased to 20 cm H 2 O and measurements were repeated. After continued ventilation, an experimental lung injury was induced according to prior randomization. In half of the animals a direct lung injury from repeated bronchoalveolar lavage with surfactant washout and lung collapse was used. [21] [22] [23] In the remaining animals, an indirect pulmonary injury was induced by intravascular administration of oleic acid resulting in endothelial necrosis, increased endothelial permeability, and reduced compliance. [24] [25] [26] We used a dosage of 0.1 ml kg À1 of oleic acid as described in earlier studies. [27] [28] [29] [30] In both injury groups, lung injury was established over a period of 1 h. At 1 and 3 h after completion of the induction of lung injury the measurements described above were repeated at a PEEP of 10 and 20 cm H 2 O. At the end of the experimental protocol, animals were euthanized by fast injection of potassium chloride (50 mmol).
Statistical analysis
Data were analysed using Sigma Plot (Systat, San Jose, CA, USA) and R (R Project for Statistical Computing, Vienna, Austria). Pearson's partial correlation analysis was used to correlate SVV EIT and SVV PC , controlling for the effect of repeated measurements within the same animal. Correlation coefficients were compared using Fisher's z test. Bland-Altman analysis was used to evaluate the mean difference, the standard deviation (SD) of the differences, and the upper and lower 95% limit of agreement (LoA) between SVV EIT and SVV PC . The LoAs were calculated as the mean difference 6 1.96 SD. 31 A P-value <0.05 was considered statistically significant.
Results
The experimental protocol and data acquisition were completed in 28 animals. Data from two animals (one in each injury group) were lost due to the severity of the respective lung injuries and were excluded from analysis. In total, 123 pairs datasets were acquired. (Fig. 3) . When calculating Fisher's z, a significant difference was found for correlations of the lavage and oleic acid groups (z¼2.892; P¼0.002). However, no significant difference was found when comparing correlation coefficients within the two injury groups at different levels of PEEP (lavage group, PEEP 10 vs 20 cm H 2 O: z¼1.146, P¼0.126; oleic acid group PEEP 10 vs 20 cm H 2 O: z¼À1.046, P¼0.148).
Correlation analysis

Bland-Altman analysis
In healthy lungs, Bland-Altman analysis revealed a mean difference of À0.81% (LoA from þ4.04 to þ5.67%) at a PEEP of 10 cm H 2 O and a mean difference of 0.90% (LoA from þ6.02 to À4.23%) at a PEEP of 20 cm H 2 O. In the lavage group, there was a mean difference of 0.76% (LoA from þ8.25 to -6.72%) at a PEEP of 10 cm H 2 O and a mean difference of 0.20% (LoA from þ6.70 to -6.3%) at a PEEP of 20 cm H 2 O. In the oleic acid group, the mean difference was À1.42% (LoA from þ6.21 to À9.05%) at a PEEP of 10 cm H 2 O and 1.34% (LoA from þ8.70 to À6.02%) at a PEEP of 20 cm H 2 O (Figs 4-6 ).
Discussion
In this study we found that EIT was capable of automatically analysing central haemodynamic signals for interactions between heart and lungs to derive SVV EIT . The algorithm previously developed and used in an earlier investigation was also applicable in this independent cohort of animals. Furthermore, we showed that the current method of SVV determination by EIT was influenced by changes in pulmonary impeance. In particular, the presence of pulmonary oedema induced by experimental lung injury affected the estimation of SVV EIT , and the mechanism of lung injury seemed to be important. In comparison, modification of PEEP appeared to be of minor influence. The application of EIT, as demonstrated here, allows the assessment of SVV based on a central aortic signal, thereby overcoming the major limitations of other currently used methodologies. Peripheral pulse contour analysis via a radial arterial catheter, or even via completely non-invasive techniques such as the volume clamp method or arterial applanation tonometry, performs SVV or pulse pressure variations (PPV) analysis on a peripheral signal. Current data show that these approaches become unreliable in haemodynamically unstable patients, in whom reduced peripheral perfusion and dynamic changes in compliance occur. 32 Central aortic pulse contour analysis via a femoral arterial catheter provides the physiologically most meaningful signal for the assessment of central haemodynamics, however, it carries the risk of catheter infections, vascular lesions, and limb ischemia. [10] [11] [12] EIT provides an analysis of this central haemodynamic signal without these clinical risks. Estimating dynamic indicators of preload by means of EIT has the advantage of non-invasively retrieving a central haemodynamic signal from the descending aorta. Thus the estimation of SVV EIT is based on a reliable signal source even during unstable haemodynamic conditions. EIT signal analysis is based on relative changes in impedance and not on its absolute values. For this reason it is often referred to as a functional imaging technique, which appears to be perfectly suited for the analysis of cardiac-and ventilation-related variations in the impedance pulses. These data independently confirm the results of a first feasibility study in which the algorithm was developed and used in the same animals. The major intention was to challenge the reliability and robustness of this predefined and automated algorithm in an independent cohort of animals and under changes in thoracic impedance. The development of an algorithm that is based on the individual identification of the aorta should be the focus of further research. This, however, will require further refinement of signal sensoring. As demonstrated earlier, alterations of the electrical properties of the tissue surrounding the aortic region of interest do influence the measurements substantially. 16 The 'resistivity contrast' induced by the ventilation signal is different in healthy and diseased lungs, which may produce errors in the EIT-based signal analysis of heart-lung interaction, as the results of our study revealed. The algorithm performed reasonably well at both levels of PEEP in healthy lungs, although the precision of SVV EIT was still below what is commonly accepted for routine clinical use. 33 Notably, modification of PEEP did not affect the calculation of SVV EIT as much as induction of pulmonary injury. The interpretation of results obtained in injured lung conditions requires a closer look, revealing far superior results in the lavage than the oleic acid group. A reason for this finding could be the differing distribution of injury and oedema in the two different models. As derived from computed tomography (CT) scans, the tissue damage in the lavaged animals is known to be more concentrated in the dependent dorsal parts of the lungs [34] [35] [36] while the oleic acid injury is distributed more diffusely 37 38 and thus closer to the pixels that were identified as the aortic ROI for estimating SVV EIT . This could also be observed in CT scans during our experimental series (Fig. 7) . In the lavage model, mainly a dorsal affection was present, while a diffuse alteration that particularly affected the mid-zone close to the aortic ROI for estimating SVV EIT was present in the oleic acid group. Such a diffuse injury will lower the impedance of the entire lung, moving its background impedance closer to that of the pulsating blood within the aorta, whereby the impedance contrast for the cardiac-related signals becomes diminished. This affects the ability of the algorithm to reliably calculate SVV EIT . Similar aspects are to some extent also true for alterations of lung volume induced by PEEP. Earlier studies showed that modifications of PEEP alter regional aeration, regional respiratory system compliance, the centre of ventilation, and a whole range of other ventilatory parameters. 39 40 As a result, a change of resistive characteristics of the lung tissue occurs. Increases in expiratory lung volume and thus increased states of tissue expansion may lower the perceived tidal volume by EIT by as much as 30%. 16 Thus the contrast brought about by tidal ventilation is lower at higher PEEPs, thereby affecting the measurement of heart-lung interactions. This effect was more distinct in the diffuse injury that was induced by oleic acid. However, the results of our study demonstrate that this effect is far less pronounced than the effects due to lung injury. From a technical perspective, the estimation of SVV EIT is challenging since the relative impedance changes (DZ) induced by heart-lung interaction are $10% of the entire haemodynamic signal, which in turn accounts for <10% of the impedance changes related to ventilation. Therefore, SVV EIT determination uses only 1/100 of the total EIT signal strength: this condition implies rather strong Signal to Noise Ratio (SNR) restrictions in order to apply the unsupervised SVV EIT algorithm. Attempts at optimizing signal quality during data acquisition were not always successful and thus we could not calculate SVV EIT at each point of measurement. In particular, and due to limited SNR figures, 14% of the recorded data in healthy lung conditions and 33% of the recorded data in injured lung conditions were rejected by the algorithm and could not be quantified. The main reason was the frequency overlapping phenomenon, as described in the patent presented by Sol a and Brunner. 20 Another methodological limitation was the way the aortic region was identified. Using pooled functional EIT images from all animals, all lung conditions and PEEP levels yielded a set of EIT pixels representing nothing but a 'standard aortic location', which may not have been perfectly suited for all animals and protocol conditions. Thus the results for calculation of SVV EIT in this study are based on the analysis of such a single predefined aortic pixel. Therefore, future work will have to be carried out that will allow us to automatically detect the aorta in each individual animal. As there is still ample room for improving EIT hardware, image reconstruction, aortic detection, and the algorithms for analysing the pixel-wise EIT data and future online calculation of SVV EIT , the results of this study are encouraging and show unequivocally that quantifying heart-lung interactions by EIT is possible. Further technical improvement, e.g. in filtering analysis and individualized animal-dependent aorta localization, will help to overcome this problem.
Another aspect to be considered cautiously is the methodological difference between SVV PC and SVV EIT . Although both estimations are based on the same basic principle of heart-lung interaction, they are undoubtedly not the same. To date we do not know whether identical values for SVV PC and SVV EIT could potentially be expected since up to now EIT has not allowed exact estimation of stroke volume but analyses pulsatile variations in electrical impedance signals. An example for deviant results due to methodological differences is the differing values for SVV and PPV. [41] [42] [43] [44] Therefore Bland-Altman analysis has to be interpreted with caution. In addition, although SVV EIT and SVV PC both rely on a central haemodynamic signal, their measurements were not performed in exactly the same anatomical location and thus differing vascular compliance might to some extent have affected respective estimates of heart-lung interactions. [44] [45] [46] [47] Apart from that, the ability of SVV EIT to predict volume responsiveness requires a cut-off value to be determined. This will be an important and necessary next step before the approach used in this study can be transferred into a clinical setting; this is currently being addressed in an ongoing study. However, considering the limitations as well as the results of our study, we do hold the opinion that EIT presents a highly interesting approach for non-invasive quantification of central haemodynamics and that it is definitely worth pursuing.
In conclusion, EIT allows automated quantification of heartlung interactions (SVV EIT ) that is derived from a central haemodynamic signal and closely correlates with invasively measured aortic SVV (SVV PC ). Therefore, SVV EIT may serve as a noninvasive indicator of fluid responsiveness. However, alterations of thoracic impedance as induced by lung injury may influence this method. This challenge needs to be addressed before this novel EIT-based approach can be transferred to clinical practice.
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